Phytochromes are photoreceptors with a bilin chromophore in which light triggers the conversion between the red-absorbing form Pr and the far-red-absorbing form Pfr. Agrobacterium tumefaciens has two phytochromes, Agp1 and Agp2, with antagonistic properties: in darkness, Agp1 converts slowly from Pfr to Pr, whereas Agp2 converts slowly from Pr to Pfr. In a previous study, we have assembled Agp1 with synthetic locked chromophores 15Za, 15Zs, 15Ea, 15Es, in which the C15=C16 double bond is fixed in either the E or Z configuration and the C14-C15 single bond in either the syn (s) or anti (a) conformation. In the present study, the locked chromophores 5Za and 5Zs were used for assembly with Agp1; in these chromophores, the C4=C5 double bond is fixed in the Z configuration and the C5-C6 single bond in either the syn or anti conformation. All locked chromophores were also assembled with Agp2. The data show that in both phytochromes, the Pr chromophore adopts a C4=C5 Z C5-C6 syn C15=C16 Z C14-C15 anti stereochemistry and that in the Pfr chromophore the C15=C16 double bond has isomerized to the E configuration, whereas the C14-C15 single bond remains in the anti conformation. Photoconversion shifted the absorption maxima of the 5Zs adducts to shorter wavelengths, whereas the 5Za adducts were shifted to longer wavelengths. Thus, the C5-C6 single bond of the Pfr chromophore is rather in an anti conformation, supporting the previous suggestion that during photoconversion of phytochromes, a rotation around the ring A-B connecting single bond occurs.
2
Almost all organisms have adopted mechanisms to sense light via photoreceptors and respond to different light conditions in manifold ways. Phytochromes are photoreceptors that are reversibly converted by light between two stable or long lived forms, the red-absorbing Pr 1 and the far-red-absorbing Pfr (1) . Depending on the species, phytochromes bind one of three bilins as a chromophore: land plants utilize phytochromobilin (PΦB) (2) , cyanobacteria use phycocyanobilin (PCB) (3; 4) whereas all other organisms including proteobacteria and fungi use biliverdin (BV) (5-7). The chromophore is covalently attached to a cysteine residue during an autocatalytic process. Whereas plant and cyanobacterial phytochromes use a cysteine in the so called GAF domain of the protein as chromophore attachment site (2) , the chromophore binding cysteine of BV-binding phytochromes is close to the N-terminus of the protein (8) (9) (10) . NMR studies with plant phytochromes showed that the chromophore undergoes isomerization around the double bond connecting the rings C and D during photoconversion from Pr to Pfr (11) . The configuration of this double bond is Z in the Pr and E in the Pfr form. Time resolved spectroscopy techniques show that this Z-E isomerization, leading to the lumi-R photoproduct, takes place on a picosecond time scale (12; 13) . Later intermediates, termed metaRa, meta-Rb and meta-Rc, as well as the photoproduct Pfr are formed in the microsecond and millisecond time frame (14; 15) . For the reverse photoreaction from Pfr to Pr, a scheme starting with the formation of lumi-F, which is formed by a rapid C15=C16 E to Z isomerization followed by intermediates, has been proposed (16; 17) . Most information on the configuration and conformation of the chromophore is available for the Pr form, for which a clear picture has been obtained recently from the crystal structure of the chromophore-bindingdomain of Deinococcus phytochrome DrBphP (10) . However, detailed knowledge of configurational and conformational changes of the chromophore that are reflected by spectral changes is lacking. Four different synthetic locked chromophores, in which the rings C and D are held in a fixed orientation by an additional carbon chain, have been assembled with phytochrome Agp1 from Agrobacterium tumefaciens (18) . In these chromophores, termed 15Za, 15Zs, 15Ea and 15Es, the double bond is either in the Z or E configuration and the single bond either in the syn (s) or anti (a) conformation.
All chromophores were incorporated into the protein and formed covalently linked photostable adducts. UV/vis spectra of the 15Za adduct were comparable with the Pr form of BV-Agp1, whereas the 15Ea adduct resembled the Pfr form. Both the 15Zs and 15Es adducts absorbed only in the blue region of visible light. These data show that the C15=C16 double bond switches from the Z to the E configuration upon photoconversion from Pr to Pfr, which is in line with previous assumptions, and that the C14-C15 single bond has an anti conformation throughout the entire photocycle (18) . The latter notion is in contrast with former studies that predicted a rotation around the C14-C15 single bond during Pr to Pfr conversion (19) , but in line with recent density functional theory (DFT) calculations combined with Resonance Raman spectroscopy (20) . The crystal structure of the chromophore-binding domain of Deinococcus phytochrome shows that a rotation around the C14-C15 single bond would be hindered by the surrounding amino acids and supports the anti conformation of the C14-C15 single bond in both the Pr and Pfr forms. Size exclusion chromatography (SEC) and phosphorylation studies showed that the 15Za and 15Ea adducts adopt a protein conformation that is comparable with the Pr and Pfr forms of the BV-adduct, respectively (18) . Direct information on the configuration of the C4=C5 and C9=C10 double bonds has been lacking. Most researchers have predicted that the C4=C5 double bond is always in the Z configuration, whereas both E and Z configurations have been proposed for the C9=C10 double bond (20; 21) . The crystal structure showed that in the Pr form both double bonds are in the Z configuration. Conflicting results have also been obtained for the conformation of the C5-C6 single bond. The interpretation of the Resonance Raman spectra of plant phytochromes by DFT calculations suggested an anti conformation in the Pr and a syn conformation in the Pfr form (20) . The crystal structure showed that in the Pr form of DrBphP, this single bond is in the syn conformation.
As noted above, plant phytochromes (with a PΦB chromophore) and BV-binding phytochromes have different chromophore attachment sites. The ring A ethylidene or vinyl side chain, respectively, is involved in covalent bond formation. The crystal structure predicts that the position of both chromophore binding cysteines would be on opposite sides of the side chains. It could therefore be that in the Pr form of phytochromes, both C5-C6 conformations are realized: syn for BV-binding and anti for PCB-and PΦB-binding species. However, the conformation of the C5-C6 single bond of plant phytochromes has still to be established. Whether or not photoconversion involves a rotation around the C5-C6 single bond, as evidenced by DFT calculations (20) , is also unclear. Whereas Agp1 of A. tumefaciens converts from Pfr to Pr in darkness, a feature well known from many plant phytochromes, the second phytochrome of A. tumefaciens, Agp2, converts from Pr to Pfr in darkness (22) . Such a property has also been found for three other BV-binding phytochromes from the bacteria Bradyrhizobium spec. (23) , Rhodopseudomonas palustris (24) and Pseudomonas aeruginosa (25) . Physiological evidence suggests that a similar phytochrome exists in the slime mold Physarum polycephalum (26) . Based on spectral similarities, it may be predicted that the dark conversion of these phytochromes is initiated by the same C15=C16 Z-E isomerization as during photoconversion from Pr to Pfr of typical phytochromes, but direct evidence is lacking. In free bilins, the ZZZ configuration is the thermodynamically stable configuration (27; 28) . Within a small group of phytochromes, the protein environment seems to make the C15=C16 E configuration thermodynamically more favorable. To see whether and how locked chromophores are incorporated into Agp2, the set of the above mentioned chromophores was also tested with purified recombinant Agp2. For analyses on the stereochemistry of the C5-C6 single bond, new locked 5Za and 5Zs chromophores were used for assembly with Agp1 and Agp2. These studies provided deeper insight into the similarities and differences between a more conventional phytochrome and a phytochrome that converts to Pfr in darkness and give further clues for the understanding of chromophore stereochemistry in the ground state and during photoconversion.
EXPERIMENTAL PROCEDURES
Expression and purification of Agrobacterium phytochromes Agp1 and Agp2 -An E. coli expression vector termed pAG1 was used for full length Agp1. pAG1 encodes for the Agp1 protein with a C-terminal poly-histidine tag for Ni 2+ affinity purification (8) . For recombinant Agp2, a pET21b (Novagen) derived expression vector as described in (28) was used. The vector was modified to encode for a C-terminal histagged protein; expression, purification and assembly were performed as for Agp1. Another expression vector, pAG1-M15, encodes for the N-terminal 504 amino acids and a his-tag (29) . The expressed protein is termed Agp1-M15. For expression and purification of Agp1, Agp1-M15 and Agp2 apoproteins, we followed the same procedure as described previously (8) . In brief: E. coli cells harboring the expression plasmid were grown in rich broth medium. Specific protein expression was induced by IPTG, and the cells were disrupted with a French pressure cell. Soluble proteins were purified by Ni 2+ affinity chromatography and by preparative SEC. The SEC was performed in "basic buffer" (300 mM NaCl, 50 mM Tris/Cl, 5 mM EDTA, pH 7.8). The final apoprotein concentration was ca. 15 mg/ml. At this stage, the protein was stored at -80 °C. Synthesis of Bilin Derivatives -Biliverdin (BV) was purchased from Frontier Scientific (Carnforth, U.K.). Synthesis of 18EtBV was performed according to the protocols published for PΦB, PCB, and PCB derivatives (30) (31) (32) (33) (8) at 18 °C. The concentration of apoproteins was estimated from the absorbance at 280 nm. A precise concentration of the bilin stock solution was estimated from the absorbance of the diluted solution of an aliquot in MeOH based on the corresponding molecular extinction coefficient (ε) of each locked chromophore described above. For assembly studies, the apoprotein was diluted with basic buffer to a final concentration of ca. 10 µM and pipetted into a measuring cuvette. After addition of 1 mM (final concentration) tris(2-carboxyethyl)phosphine, chromophore was added from the DMSO stock solution to a final concentration of ca. 5 µM; the sample was mixed rapidly for 30 s. Immediately after mixing, a spectrum was recorded from 900 to 250 nm; the duration of the scan was ca. 1 min. Nine further spectra were recorded in 5 min intervals. Series of 10 spectra with various time intervals were recorded until absorbance changes were apparently complete. The time intervals between subsequent measurements were 10 min, 30 min and 60 min for the second, third and fourth measuring series. To analyze whether chromophores are covalently bound to the protein, apoprotein and chromophore were mixed as above and incubated until assembly was complete. Thereafter, SDS was added to a final concentration of 1% and the sample was incubated again for 10 min. The mixture was passed over a desalting column as described previously (8) . From a comparison of absorption spectra before and after column separation, the amount of covalently bound chromophore can be estimated. For photoconversion of Pr to Pfr or Pr to Pnr (the near red absorbing form), the samples were irradiated with red light from a light emitting diode (λ max = 655 nm; halfbandwidth = 40 nm); the light intensity was 135 µmol m -2 s -1
at the position of the cuvette. For photoconversion of Pfr to Pr, the sample was irradiated with a 785 nm laser diode (RLD-78MA, Sanyo; halfbandwidth = 10 nm); the light intensity was 70 µmol m -2 s -1 at the position of the cuvette. For irradiations with orange light, the light beam of a halogen projector was passed through an AL interference filter (Schott, Mainz, Germany, λ max = 608 nm; halfbandwidth = 40 nm); the light intensity was 45 µmol m -2 s -1 at the position of the cuvette. Dark reversion and photoconversion kinetics were measured with the time drive program of the photometer in which the measuring wavelength was set to λ max of the Q-band of the Pr form (around 700 nm). The initial rate of back-conversion in darkness or under illumination was estimated from the derivative. This value was divided by the initial light induced absorbance change of a dark assembled sample, i.e. the value that corresponds to the concentration of the photoproduct. Analytical size exclusion chromatography -The Agp1-M15 apoprotein (10 µM) was mixed with BV, 5Za or 5Zs (ca. 15 µM) and incubated for ca. 3 h. The adducts were used either unirradiated ("Pr") or after saturating red irradiation ("Pfr"). Analytical SEC was carried out in darkness on a Superdex 200 HR 10/30 column (Amersham/Pharmacia, Freiburg, Germany) as described previously (18) . The elution was monitored at 280 nm.
RESULTS
Chromophores that were used in the present study are shown in Fig. 1 . Biliverdin (BV), which is the natural chromophore of A. tumefaciens phytochromes, was used as control. The synthetic derivative 18-Ethyl-BV (18EtBV) was used as a second control. This compound is distinguished from BV by the side chain at C18 position of the bilin skeleton, which is an ethyl group in the former and a vinyl group in the latter. For technical reasons, the locked chromophores have also an ethyl group at C18. The nomenclature of the locked chromophores is also given in Fig. 1 . The number 5 or 15 stands for the C-atom of the methine bridge which is held in a sterically fixed orientation by an additional carbon chain, the first letter stands for the configuration of the methine bridge double bond and the second letter for the conformation of the single bond (s for syn and a for anti). Both phytochromes of A. tumefaciens, which are termed Agp1 and Agp2 (or AtBphP1 and AtBphP2 by other groups), were used for studies on chromophore assembly and photoconversion. The chromophores 15Za, 15Zs, 15Ea and 15Es have been tested with Agp1 in a previous study (18) . The present work extends the Agp1 studies by 5Za and 5Zs. In addition, the "unusual" phytochrome Agp2 was also assembled with all presently available locked chromophores.
Assembly of Agp1 with 5Za and 5Zs - Figure 2 shows series of UV/vis spectra that were measured during 51 min after mixing Agp1 apoprotein with 5Za ( Fig. 2 a) and 5Zs ( Fig. 2 b) in comparison with the spectra of the free chromophores. For both 5Za and 5Zs, absorption changes were observed that are characteristic for chromophore assembly and show that these compounds are also incorporated into the chromophore pocket. The absorption maxima of the 5Za and 5Zs adducts were at 672 and 692 nm, respectively. In Fig. 3 , the time courses of absorbance values are presented together with the values obtained with those chromophores that had already been analyzed in the previous study (18) . This comparison shows that the 5Za assembly is faster than the 5Zs assembly and that both chromophores assemble faster than 15Ea but slower than BV, 18EtBV, 15Za, 15Zs and 15Es. After an incubation time of 2 h, both the 5Za and 5Zs chromophores were covalently bound to the protein, as judged by desalting column tests with SDS-treated holoprotein (data not shown).
Photoconversion of 5Za-Agp1 and 5Zs-Agp1 -All Agp1 adducts with the chromophores in which the rings C and D are sterically locked did not undergo light-induced absorption changes (18) . Phytochrome photoconversion is initiated by a Z to E isomerization around the C15=C16 double bond, which is not possible in these adducts. In the 5Za and 5Zs adducts, this isomerization is not hindered. Therefore, irradiation should result in absorption changes. After irradiating the 5Za adduct with red light, the absorbance around 672 nm was reduced, accompanied by an increase in the longer wavelength region, and a band broadening in the wavelength region around 370 nm (Fig. 4 b) . Obviously, the Pr-like form converts partially into a Pfr-like form which absorbs at higher wavelengths and has a rather low extinction coefficient. Irradiation of the 5Zs adduct resulted in a shift of the maximum by 56 nm towards shorter wavelengths (from 692 nm to 636 nm), and a reduction of absorbance in that spectral region (Fig. 4 c) . Thus, photoconversion shifts the absorption maximum of this adduct to the opposite direction than the adducts with BV (18), 18EtBV (Fig. 4 a) and 5Za (Fig. 4 b) . Light-induced absorbance changes of 5Zs-Agp1 resemble closely those of the unusual bacteriophytochrome BphP3 of Rhodopseudomonas palustris, in which the absorption maximum shifts by 60 nm from 705 nm to 645 nm upon irradiation (37) . The photoproduct of RpBphP3 has been denominated "Pnr", where "nr" stands for "near red" light. In accordance with this nomenclature, we also denominate the photoproduct of the Agp1-5Zs adduct as Pnr. It has been shown that BV-Agp1 converts from Pfr to Pr in darkness and that the quantum yield of the light-induced Pfr to Pr conversion is rather low (8) . In the present study, we performed comparative measurements on dark reversion and light-induced back-conversion with BVAgp1, 18EtBV-Agp1, 5Za-Agp1 and 5Zs-Agp1 (Table 1 ). The initial rate of dark reversion of the BV adduct was 2.2 10 -3 s -1
, the initial rate of Pfr to Pr conversion under rather strong 785 nm light was about twice as high as that of the dark reversion. Dark reversion of 18EtBV-Agp1 was about 10 times slower than that of the BV-adduct. Note that the only difference between BV and 18EtBV is a substituent at the C18 position; the vinyl group in BV is replaced by an ethyl group in 18EtBV. This is the same difference as between PΦB and PCB, which are natural chromophores of plant and cyanobacterial phytochromes, respectively. It has been observed that the PΦB-adduct of cyanobacterial phytochrome Cph1 undergoes dark reversion, whereas dark reversion of the PCB-adduct was negligible (38) . The initial rate of the 18EtBV-Agp1 Pfr to Pr conversion in the presence of 785 nm light was also about 10 times lower than that of the BVadduct. The extinction coefficient of the 18EtBV-adduct at 785 nm is about 3 times lower than that of the BV-adduct. Based on these data, it may be concluded that the quantum yield of the light-induced Pfr to Pr conversion of 18EtBV-Agp1 is about 2 times lower than that of the BV-adduct.
The Pfr-like photoproduct of 5Za-Agp1 undergoes a dark reversion which is about 30 times faster than that of the 18EtBV adduct. In the presence of strong 785 nm light, the initial rate of back conversion was slightly below the dark reversion. This result shows that 785 nm light triggers a "Pr" to "Pfr" photoconversion, thereby slowing down the dark reversion. Due to the rather high rate of dark reversion, it is unclear whether a "Pfr" to "Pr" photoconversion occurs. However, it is clear that the quantum yield of this photoreaction must be very low or zero. The dark conversion of 5Zs-Agp1 from Pnr to Pr is rather slow ( Table 1 ). In the presence of orange light of 608 nm, which is more absorbed by the Pnr than by the Pr form, the dark reaction is slowed down by a factor of 2. Thus, orange light triggers rather Pr to Pnr photoconversion than the reverse reaction. The quantum yield of the Pnr to Pr photoconversion must also be very low or zero. We also performed SEC studies with 5Za and 5Zs Agp1-M15 adducts. The Agp1-M15 deletion mutant contains the photosensory module of Agp1 with the PLD, GAF and PHY domains, but lacks the histidine kinase module (29) . The BV adduct of Agp1-M15 undergoes light-induced conformational changes that can easily be monitored by SEC. In the Pfr form, the holoprotein has a higher SEC mobility than in the Pr form. The same result was obtained with the 18EtBV adduct; the 15Za adduct elutes like Pr and the 15Ea adduct like Pfr (18) . Ongoing studies showed that the light-induced mobility changes are due to differential subunit interactions. At the protein concentration of 10 µM, BV-Agp1-M15 exists as monomer, dimer, trimer and tetramer in both the Pr and Pfr forms, but dimerisation is more preferred in the Pfr form. The differential SEC mobility reflects the different degree of dimerisation (S. Noack and T. Lamparter, unpublished). In the present study, we found that the unirradiated 5Za and 5Zs adducts elute like the Pr form of the BV-adduct (Fig. 5) . Photoconversion changed the elution profile of both adducts. The mobility of the 5Zs adduct was only slightly affected. Its elution maximum was at 13.9 ml in the Pnr and at 13.7 ml in the Pr form, whereas with BV-Agp1-M15 the elution maximum was 13.8 ml in the Pr and 13.2 ml in the Pfr form. The elution profiles in Fig. 5 are normalized in such a way that the areas under the curves are identical. In this way, the amplitude gives an indirect impression of the broadness of the elution peak. The elution peaks of BV-Agp1-M15 Pfr and 5Zs-Agp1-M15 Pnr are slightly broader than those of the Pr forms. The Pfr-like form of the 5Za adduct had an unusual elution pattern. The elution peak was centered on the peak of the unirradiated adducts, but was much broader than all other elution profiles of the present study. The reason for the broad profile is unclear, but it might indicate that the protein undergoes partial denaturation upon irradiation. It should be stressed that neither the photoconverted 5Zs nor the 5Za adduct is comparable with the Pfr form of the BV-adduct.
Assembly of Agp2 with BV, 18EtBV, 15Za, 15Zs, 15Ea, 15Es, 5Za and 5Zs -Biliverdin assembly of Agp2 is accompanied by dark conversion from Pr to Pfr ( (22) and Fig. 6 a) . The same feature was found for the assembly of 18EtBV with Agp2 (Fig. 6 b) . In Fig. 7 , the time course of absorbance changes at the positions of the Pr and the Pfr absorption maxima is given for both chromophores. With the BV chromophore, the maximum Pr absorbance was obtained directly (1 min) after mixing, showing that chromophore protein interaction is a rapid process. With the 18EtBV chromophore, a high Pr absorbance was also obtained at t = 1 min, but the value increased slightly until t = 6 min and declined thereafter as the result of dark conversion. The Pr absorbance increase probably reflects the transition from non-covalent to covalent binding, as in Agp1, and implies that covalent bond formation is possible in the Pr form. The comparison between BV and 18EtBV shows that both assembly and dark conversion are slower with the 18EtBV than with the BV chromophore. It should be stressed that in the Agp2 adducts, the ring D side chain (vinyl in BV or ethyl in 18EtBV) has qualitatively the same impact on the rate of dark conversion as in the case of Agp1, although dark conversions of Agp1 and Agp2 adducts proceed in opposite directions. All locked chromophores used in the present study were also incorporated into the Agp2 apoprotein. This was shown by absorbance changes that occur after mixing chromophores with the protein (Fig. 6 c-h and Fig. 8 ). It was shown by SDS-desalting column tests that after by guest on September 1, 2017 http://www.jbc.org/ Downloaded from completion of absorbance changes, all chromophores were covalently bound to the protein (data not shown). However, for none of the locked chromophores was the assembly accompanied by dark conversion into another form. The 15Za and 15Ea adducts were comparable with the corresponding Agp1 adducts and spectrally similar to the Pr and Pfr form, respectively. The assembly of 15Za with Agp2 was much slower than that of 15Ea, BV or 18EtBV. The absorbance increase of the former was completed after an incubation time of ca 24 h, whereas assembly with the other three chromophores was completed after 60 to 300 min ( Fig. 7 and Fig. 8 ). The data of the 15Za chromophore show again that covalent bond formation is also possible in the Pr form, whereas the low rate of assembly implies that this chromophore does not fit well into the chromophore pocket of the Agp2 apoprotein and the complete assembly requires marked conformational changes. Incorporation of 15Zs and 15Es occurs again very rapidly; the chromophore absorption spectra changed immediately (t = 1 min) after mixing with no significant further change thereafter. The adducts have absorption maxima in the blue wavelength region and are thus similar to the corresponding Agp1 adducts. The 5Zs assembly with Agp2 produced a similar Pr-like adduct as with Agp1. The fact that the 5Zs-Agp2 adduct shows no dark conversion into a Pfr-like form is remarkable, since a Z to E isomerization around the C15=C16 double bond is most likely the initial step of BV-Agp2 dark conversion. This isomerization would not be hindered in the 5Zs-Agp2 adduct. Assembly of 5Za with Agp2 is comparable with the 5Za-Agp1 assembly described above insofar as an absorption band in the 700 nm region is formed immediately after mixing and decays thereafter. It should however be mentioned that Agp2 assembles much faster with 5Za than with 5Zs. This might indicate that 5Za fits better into the chromophore pocket of Agp2 than 5Zs. The final Agp2-5Za adduct has an absorption maximum at 640 nm, which is lower than the 672 nm of the Agp1 adduct. There is also no apparent dark conversion in the 5Za-Agp2 adduct during assembly, unless the absorbance decrease around 700 nm is considered as an indication for darkconversion.
Photoconversion of Agp2 adducts -
The 15Za, 15Zs, 15Ea and 15Es adducts with Agp2 revealed no photoconversion (data not shown), in accordance with the corresponding Agp1 adducts (18) . Spectra of the BV, 18EtBV, 5Za and 5Zs adducts with Agp2 before and after irradiation are given in Fig. 9 . Irradiation of BVand 18EtBV-Agp2 with far-red light yielded similar Pr-like photoproducts (Fig. 9 a, b) . There is however a qualitative difference between them: The relative absorbance of 18EtBV-Agp2-Pr is significantly higher than that of BV-Agp2-Pr. Consequently, the difference spectrum of the 18EtBV adduct has a more typical phytochromelike shape than that of the adduct with the natural BV chromophore. Quite interestingly, photoconversion of 5Zs-Agp2 is again comparable with that of 5Zs-Agp1: irradiation resulted in a blue shift of the absorption maximum from 692 to 675 nm to the "Pnr" form (Fig. 9 d) . The special feature of Agp2 is thus completely lost in the 5Zs adduct. Irradiating the 5Za adduct resulted in a subtle absorption increase around 700 nm (Fig. 9 c) . Thus, a fraction of the 5Za adduct seems to convert to a form that absorbs at longer wavelengths. In this respect, photoconversion of 5Za-Agp2 also reminds of the Pr to Pfr photoconversion, although the overall shape of the photoproduct spectrum is significantly different from the Pfr spectrum of the BV-or 18EtBV adducts. We also tested the Agp2 adducts for dark reversion and the effect of light on the back reaction ( Table 2 ). The qualitative difference that was found for the Pr to Pfr dark conversion during the assembly of Agp2 with BV and 18EtBV was also found after Pfr to Pr photoconversion of the adducts. With an initial rate of 1.2·10 -2 s -1 , BV-Agp2 revealed the fastest dark reversion of the present study. The value of 18EtBV-Agp2 was ca. 3 times lower. For both adducts, the Pr to Pfr conversion was significantly accelerated by irradiation with 655 nm light. Although the quantum yield of photoconversion was not exactly estimated in this study, the comparison with the initial rate of Pr to Pfr photoconversion of BV-Agp1 ((8) and data not shown) implies that the photoconversion quantum yields of both Agp2 adducts are in the range of 10%, i.e. in the range of normal phytochromes (see (8) for a discussion on quantum yields). Due to the low absorption changes of 5Za-Agp2, rates of dark reversion or light driven backconversion could not be measured. Pnr to Pr dark reversion of 5Zs-Agp2 was rather slow. In the presence of 608 nm light, the initial rate of Pnr to Pr reversion was ca. 3 times higher (Table 2) . Therefore, light triggers both Pr to Pnr and Pnr to Pr conversion of this adduct.
DISCUSSION
The combination of Agp1 and Agp2 on the one side and the extended collection of locked chromophores on the other side for assembly and photoconversion studies revealed a deeper insight into the spectral properties of phytochromes.
Agp1 and Agp2 are phytochromes from the same species, but rather distantly related to each other. Properties common to both phytochromes might point to general principles at least for the group of biliverdin-binding phytochromes, the evolutionarily more ancient ones. Since all chromophores used in the present study formed covalent adducts with both phytochromes, we predict that also other phytochromes will incorporate the same or similar locked chromophores, given that the requirements for the reacting ring A C3 side chain are met by the chromophore -vinyl for BV binding phytochromes and ethylidene for PCB and PΦB binding phytochromes. We found that Agp1 and Agp2 form spectrally similar adducts with the chromophores 15Za, 15Zs, 15Ea, and 15Es, in which the rings C and D are sterically locked. The 15Za adduct spectra resemble those of the Pr form and the 15Ea adduct spectra are similar to those of the Pfr form, whereas the 15Zs and 15Es adducts absorb in the blue wavelength region. The latter feature is either explained by a reduced C9=C10 double bond or by a helical conformation of these chromophores in the protein pocket. It has previously been found that 15Zs and 15Es are rapidly incorporated into Agp1 and that the adducts have unusual absorption characteristics with maxima in the blue. A more detailed analysis (Fig. 3) showed that both chromophores are more rapidly assembled with the protein than the corresponding unlocked chromophore 18EtBV. Moreover, the data of Fig. 6 f, h and Fig. 8 show that the assembly of 15Zs and 15Es with Agp2 is also very rapid and that the absorption maxima of both adducts are comparable with the Agp1 adducts. The structure of DrBphP implies that a bilin with a C14-C15 syn geometry would not exactly fit into the chromophore pocket because ring D would clash with the surrounding amino acids. We therefore propose that the rings C and D, which are linked by the additional carbon chain, might be displaced in the 15Es and 15Zs adducts. A torsional deformation at the C10-C11 single bond, which would result in an increased angle between the planes of rings AB and CD, would break the conjugation between the π-electron systems of the two chromophore halves. With such an arrangement, an absorption maximum in the blue spectral region is expected, as has been shown by chemical modification of the C10-carbon atom of a free bilin (27;39). Thus, an angle greater than 30° between rings AB and CD would explain the blue absorption maxima of the 15Zs and 15Es adducts. The rapid assembly of 15Zs and 15Es might indicate that except for the covalent thioether linkage, the binding modes of these chromophores and the other natural or locked chromophores are very different, and that assembly of 15Zs and 15Es is characterized by smaller activation energies. The spectral shift of the 15Zs and 15Es adducts during assembly could also be explained by addition of a nucleophile to the C10 atom of the chromophore, which also splits the π-electron system, as noted before (18) . Interesting differences between Agp1 and Agp2 and between different chromophores were found for the assembly rates, reflecting either different initial association constants or different initial distances between the ring A vinyl side chain and the sulfur of the chromophore binding cysteine residue. The slowest assembly with Agp1 was found for the 15Ea chromophore. A reasonable explanation for this fact could be that chromophore protein interaction requires slow conformational changes or that the initial distance between chromophore-binding cysteine and the ring A vinyl side chain is rather large. Indeed, the 15Ea-Agp1 holoprotein adopts a Pfrlike conformation as judged by SEC and autophosphorylation studies (18) , i.e. the holoprotein has undergone conformational changes during the assembly process. In the case of Agp2, the 15Ea assembly rate is faster than that of 15Za. In view of one of the above models, the initial vinyl-cysteine distance would be larger for 15Za than for 15Ea. The assembly rates for 15Ea/15Za for both phytochromes are in line with the finding that Agp1 adopts a Pr form and Agp2 a Pfr form in darkness. Results with the 5Za and 5Zs chromophores may be summarized as follows. (i) Both chromophores form covalent bonds with either Agp1 or Agp2. (ii) The spectra and the absorption maxima of the 5Zs adducts are similar to those of the Pr form of the 18EtBV control. (iii) The absorption spectra of the 5Za adducts are also similar to Pr, but their maxima are shifted to shorter wavelengths. (iv) Irradiation of the 5Zs adducts induces a blue shift, whereas the 5Za adducts are red shifted. Therefore, the irradiated 5Za adducts are spectrally more similar to the Pfr form than the 5Zs adducts. (v) There is no or a very inefficient photoconversion from the Pnr to the Pr form of 5Zs-Agp1. The same holds for the Pfr-like to Pr photoconversion of 5Za-Agp1. All data that were obtained with these chromophores lead to the conclusion that a flexibility around the ring-A/B connecting methine bridge is essential for proper photoconversion from Pr to Pfr and for Pr to Pfr dark conversion of Agp2, although the role of C15=C16 Z-E isomerization as the initial step is not questioned by our results. The spectral analogy between Pr and the 5Zs adducts is in line with the data from the crystal structure of the chromophore binding domain of Deinococcus phytochrome. In this structure, the configuration / conformation of the BV chromophore is 5Zs/10Zs/15Za, i.e. the single bond between the rings A and B is in the syn conformation. DrBphP is found to be useful as a structural model for Agp1 in this context because most amino acid residues which define the chromophore binding pockets are conserved between these proteins. With the coordinates of DrBphP, we tested by modeling whether and how the locked 5Za and 5Zs chromophores would fit into the chromophore pocket (Fig. 10) . These analyses showed that the protein gives enough space for the ring A of both locked chromophores and also that a covalent bond between the ring A vinyl side chain and the chromophore-binding cysteine can be formed. The modeling results and the data obtained with 5Za and 5Zs thus show that a rotation around the C5-C6 single bond, which has been predicted to occur during Pr-Pfr photoconversion of plant phytochromes (20) , is in principal possible and not restricted by the protein.
The absorption changes during Pr to Pfr transition are more similar to light induced absorption changes of the 5Za adducts than to those of the 5Zs adducts. This implies that in the Pfr form, the C5-C6 single bond is indeed in the anti and not in the syn conformation. As outlined above, the 5Za photoproducts are however spectrally not exactly identical with Pfr. In addition, the gross protein conformation of the 5Za-Agp1-M15 photoproduct is also different from that of Pfr, as shown by SEC. Thus, the 5Za model does not precisely reflect the configuration / conformation of the Pfr chromophore. We consider three different explanations for these discrepancies. (i) According to the crystal structure of DrBphP, the ring A nitrogen forms hydrogen bonds with an oxygen atom of the protein backbone and with a water molecule. This hydrogen bond network extents to the ring B and C nitrogen atoms. The chromophore in the Pr and Pfr forms is protonated, and undergoes transient deprotonation upon photoconversion. In 5Za, the ring A nitrogen is connected to the additional carbon chain which is used for the fixation. Therefore, this nitrogen can not be part of a hydrogen bond network. This disturbance could explain the spectral dissimilarities between Pfr and the photoconverted 5Za adducts. (ii) The Pfr chromophore might adopt a conformation which requires torsions between rings A and B that are not possible with the locked chromophore. (iii) There is also the possibility that an isomerization around the C4=C5 double bond occurs during the photoconversion from Pr to Pfr. Such an isomerization would be blocked in the 5Za chromophore. To our knowledge, there is as yet no evidence for a C4=C5 E configuration of the Pfr chromophore (11) . However, such a configuration might have been overlooked for chemical or technical reasons. In the next step, we intend to synthesise the locked 5Ea and 5Es chromophores and test these compounds for assembly with phytochrome. Consequently, based on the above results, we propose that the stereochemistry of the Agp1 and Agp2 chromophores is 5Zs/10Zs/15Za in the Pr and 5Ea/10Zs/15Ea or 5Za/10Zs/15Ea in the Pfr form. A schematic presentation of the proposed stereochemistry of Pr and Pfr is given in Fig. 11 . The data of 5Zs-Agp1 and 5Zs-Agp2 adducts show that photoconversion results in a blue shift if the methine bridge between rings A and B of the natural chromophore is locked. This lightinduced blue shift is very similar to the blue shift that has been observed with BphP3 from Rhodopseudomonas palustris (37) . Therefore, the unusual behavior of RpBphP3 can be explained if in the chromophore pocket of this protein, the rings A and B are held in a tight position each other. Fig. 1 . The values for 5Za and 5Zs were taken from spectra as given in Fig. 2 , and the values for 15Z/E a/s from spectra that were published previously (18) . Fig. 1 . Spectra during the initial 51 min after mixing chromophore and protein, recorded in 5 min intervals, are presented (black lines). The direction of absorption changes is indicated by an arrow; the spectra of free chromophores in assembly buffer are shown by the grey lines. The BV and 18EtBV assembly is characterized by complex absorption changes (see also Fig. 7) . The first spectra after mixing chromophore and protein are recognized by a high Pr absorption in the 700 nm region. The two arrows in these panels indicate the decrease of Pr (down arrow) and increase of Pfr absorption (up arrow) over time. Spectra of free chromophores are always clearly distinct from the spectra that were obtained after mixing with the protein. Fig. 4 (c,d) or with far-red light (a,b; 785 nm laser diode, ca. 100 µmol m -2 s -1 ). The "dark minus red" or "dark minus far-red" difference spectra are given by the dashed lines. Fig. 10 (a-c) : Phytochrome chromophore binding pockets in the models of adducts with 5Za, 5Zs and BV. Semitransparent view of a section of the electrostatic surface area with chromophores and two amino acid residues in stick representation. Initial models of 5Za and 5Zs were generated using ViewerPro 4.2 (Accelrys, San Diego, USA). Initial models of the adducts with 5Za and 5Zs were obtained by replacing BV in the chromophore binding domain of Deinococcus radiodurans phytochrome DrBphP (PDB entry 1ZTU). The amino acid labelling refers to the position within DrBphP (first number) and Agp1 (second number). The models were minimized using the program CNS (40) . Negatively and positively charged surface areas are coloured in red and blue, respectively. Electrostatic surface potentials were calculated using the program APBS (41) with the nonlinear Poisson-Boltzmann equation and contoured at +/-3 kT/e. The figure was generated using PyMOL (42) . (d) Superposition of 5Za (carbon atoms in green), 5Zs (carbon atoms in red) and BV (carbon atoms in grey) of (a-c).
The following amino acids of DrBphP are located within a 4 Å distance from the BV chromophore: C24, I29, M174, F198, F203, D207, I208, P209, A210, Y216, R254, T256, S257, M259, H260, S272, L273, S274, L286, H290. Homologous Agp1 amino acids are: C20, I25, L164, Y188, F193, D197, I198, P199, P200, Y206, R244, V246, S247, V249, H250, S260, M263, S264, L276, H280 (variant amino acids given in bold) Figure 11 . Proposed stereochemistry of the Agp1 and Agp2 chromophores during conversion of Pr to Pfr.
Step 1 is the rapid C15=C16 Z to E isomerization, leading to the lumi-R photoproduct. During the conversion from lumi-R to Pfr (step 2), the stereochemistry of the C5 methine bridge is changed. This can involve either a rotation around the C5-C6 single bond (from syn to anti) and/or a Z to E isomerization of the C4=C5 double bond (a Hula-Twist mechanism) (43) . Two different possibilities are drawn here. Table 2 . Summary of dark reversion and photoconversion of Agp2 adducts. The Agp2 apoprotein was assembled with the chromophores as indicated in the first column. Photoconversion and dark conversion of BV-and 18EtBV-adducts were measured at 755 and 740 nm, respectively; the 5Za-and 5Zs-adducts were measured at 640 and 692 nm, respectively. Light sources for photoconversion were as in Table 1 . In the case of the 5Za-adduct, the rate of dark reversion or photoconversion could not be determined due to low absorbance changes ("n.a."= not applicable). 
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